Pancreatic neuroendocrine tumor (PanNET) is a neoplastic entity in which few prognostic factors are well-known. Here, we aimed to evaluate the prognostic significance of N-myc downstream-regulated gen-1 (NDRG-1), O6-methylguanine DNA methyltransferase (MGMT) and Pleckstrin homology-like domain family A member 3 (PHLDA-3) by immunohistochemistry (IHC) and methylation analysis in 92 patients with resected PanNET and follow-up longer than 24 months. In multivariate analyses, ki-67 and our immunohistochemistry prognostic score (IPS-based on MGMT, NDRG-1 and PHLDA-3 IHC expression) were independent prognostic factors for disease-freesurvival (DFS), while age and IPS were independent prognostic factors for overall survival (OS). Our IPS could be a useful prognostic biomarker for recurrence and survival in patients following resection for PanNET.
INTRODUCTION
Pancreatic neuroendocrine tumor (PanNET) represents up to 5% of all pancreatic tumors [1] [2] [3] [4] . Although most patients have an indolent clinical course, some patients have a more aggressive disease resistant to most available treatments [5] . Surgical resection of the primary tumor and the metastases remains the only curative treatment. When complete surgical excision is achieved [6] local or distant organ recurrence occurs in approximately 20% and 35% of the cases, respectively [7] . To date, there is no role for adjuvant treatments and patients are followed with clinical and imaging surveillance [8] .
The World Health Organization (WHO) and the European Neuroendocrine Tumor Society (ENETS) have established prognostic-oriented criteria based on pathological specimens [9, 10] . Higher tumor grade and high proliferative index Ki-67 have been associated with a more aggressive clinical course. These pathological criteria help to determine therapeutic decisions in patients with unresectable or metastatic disease [11] . However, there is an unmet need for prognostic biomarkers that can stratify patients at high risk for recurrence after surgical resection and/or to select the best treatment from available options.
Whole exome sequencing of PanNET specimens revealed that around 15% of patients have mutations in the PI3K/Akt pathway (TSC2, PTEN and PIK3CA) [12] . Treatments with mTOR inhibitors and temozolomidebased combinations have demonstrated clinical efficacy in phase II and III clinical trials [13, 14] , but their use is limited to patients with symptomatic, unresectable, or metastatic disease [15] .
MGMT (O6-methylguanine-DNA methyltransferase) is the DNA repair protein responsible for removing alkylation www.impactjournals.com/oncotarget adducts from O6-position of guanine in DNA. Several studies have shown that MGMT promoter hypermethylation with subsequent loss of MGMT expression might play a role in modulating chemosensitivity to alkylating agents and is utilized as a predictive biomarker to response to these drugs, in particular to temozolomide [16] . In the setting of PanNET tumors, only one study found a striking correlation between the absence of MGMT expression by immunohistochemistry (IHC) and better clinical outcomes in a small group of patients treated with temozolomide-based regimens [17] . However, results fail to show a definitive role for MGMT as a prognostic biomarker in PanNET [18, 19] .
NDRG-1 (N-myc downstream-regulated gen-1) controls the negative feedback-loop between the phosphatase and tensin homologue (PTEN) and the phosphoinositide 3-kinase (PI3K) pathway [20] , a balance that usually is lost in cancer and frequently disturbed in PanNET [12, 21] . NDRG-1 protein expression can be silenced by abnormal DNA methylation of the gene promoter [22] and modify tumor aggressiveness. In low grade gliomas high NDRG-1 cytoplasmic expression is associated with better patients' outcomes. It is still unknown if NDRG-1 expression has the same effect on clinical outcomes of patients with PanNET [23] .
Similarly, PHLDA-3 (Pleckstrin homology-like domain family A member 3) is a tumor suppressor gene recently discovered in PanNET [24] , and described to be associated to worse clinical outcomes by decreased expression secondary to loss of heterozygosity (LOH) and methylation. PHLDA-3 IHC expression has been evaluated in several solid malignant tumors [25] [26] [27] , but its role in PanNET remains unknown. Accordingly, our objectives are to retrospectively analyze the prevalence of MGMT, PHLDA-3 and NDRG-1 promoter methylation status along with their IHC expression in a large cohort of patients with resected PanNET, and to determine the role of these biomarkers in clinical outcomes after surgical resection.
RESULTS
Between January 1998 and December 2010, a total of 365 patients underwent resection of primary PanNET at Johns Hopkins Hospital (Baltimore, United States of America). 166 patients met the inclusion criterion of the study which were a follow-up longer than 24 months or had tumor progression within the first 24 months following surgery. Among the patients included in the study, the first ninety-two patients (55.4%) were selected for gene and protein expression analyses. Baseline characteristics of patients included in our study are summarized in Table 1  and Supplementary Table S1 .
Descriptive analyses for immunohistochemistry patterns are summarized in Table 2 . No significant associations were observed between NDRG-1 pattern and MGMT IHC, ki-67 or PHLDA-3 score. (Table 4) .
For NDRG-1 IHC, two aspects: intensity of stain and the pattern (diffuse or patched) were combined. Patients with negative NDRG-1, and consequently no discernable pattern, were given the lowest score (0), patients with a positive score and a diffuse pattern were intermediate (1) , and patients with a positive score and patched pattern were highest (2). The median DFS was not reached for patients with no staining and no discernable pattern (score 0), versus 76.32 and 38.44 months for patients with positive staining and diffuse pattern (score 1) (HR: 2.85; 95% CI: 0.67, 12.18) and patients with positive staining and patched pattern (score 2) (HR=6.37; 95% CI: 1.45, 27.95), respectively ( Figure 1C and Table 4 ). Similarly, significant differences were observed for DFS if any positive MGMT Figure 1A and Table 4 ). Finally, there was a statistically significant difference between ≥ 51% positive nuclei of the tumor cells (median DFS: 49.87 months) for PHLDA-3 versus those with less than 51% (median DFS: 77.8 months) (p=0.036, Figure 1B and Table 4 ). Only significant differences was observed for OS with the NDRG-1 IHC score (p = 0.013, Table 4 ).
Immunohistochemistry prognostic score (IPS)
An overall IPS was calculated (summarized in Statistical Methods) with individual marker scores coded such that the higher risk categories were greater than zero, and the overall IPS taken as the sum. Overall scores ranged from 0 to 4 with a median of 2. Scores of 0 and 1 were recorded as IPS=0, a score of 2 as IPS=1 and scores 3 and 4 as IPS=2. KaplanMeier curves for the IPS are shown in Figure 2A and 2B.
Multivariate analysis
In multivariate analysis ki-67 (HR=2.45; 95% CI: 1.20, 5.01; p = 0.01) and the IPS (p = 0.00018, HR=2.68; 95% CI: 1.60, 4.49) were independent prognostic factors for DFS (Table 5) . Age (p = 0.0017, HR=7.67; 95% CI: 2.14, 27.45) and the IPS (p = 0.03, HR=2.67; 95% CI: 1.11, 6.41) were independent prognostic factors for OS (Table 5) . In both models, the effect of IHC was maintained after adjusting for AJCC classification, and in the DFS model size of the tumor was also adjusted for.
Discriminatory ability of the Prognostic Factor Score (PFS) models
Our proposed model was tested for recurrence and survival prognostication validity as measured by discrimination by Harrell 
DISCUSSION
To the best of our knowledge, this is the first study that combines a panel of genes relevant in PanNET tumorigenesis and clinical-pathological parameters. Our results identify potential prognostic biomarkers for recurrence and survival after surgical resection. We have described the prevalence and prognostic implications of MGMT, NDRG-1 and PHLDA-3 by IHC and methylation in patients with resected PanNET. We then integrated these results and developed a prognostic score to identify patients at higher risk of recurrence and death from PanNET.
We showed that MGMT IHC expression has prognostic significance in univariate analysis for DFS in agreement with recently published results in PanNET [19] .
PHLDA-3 acts as p53-regulated repressor of AKT [25] , controlling the regulatory crosstalk between both proteins and competes with the PH domain of AKT for binding of membrane lipids, therefore, hindering its activation and inducing apoptosis. High frequencies of chromosomal loss and abnormal PHLDA-3 expression have been described in lung neuroendocrine tumors [25] . Our study showed a strong correlation between DFS and PHLDA-3 nuclear expression, with higher expression of PHLDA-3 associated with worse clinical outcomes. However, we identified a reverse correlation between cytoplasmic and nuclear expression of PHLDA-3 in most of the cases (data not showed), which could explain the [24] . We hypothesize that loss of heterozygosity could be in correlation with low cytoplasmic PHLDA-3 expression. NDRG-1 is induced by p53 [28, 29] and one of its functions is to control the negative feedback-loop between PTEN and PI3K pathway. We showed using IHC that lower NDRG-1 expression is associated with better clinical outcomes and has a strong influence over DFS and OS. Although, similar findings have been described in other cancers [30, 31] , this is the first study to show the implications of NDRG-1 expression in patients with PanNET.
We developed a unique IPS score based on IHC MGMT, PHLDA-3 and NDRG-1 expressions, which seems to have a strong prognostic role for DFS and OS in patients with resected PanNET. Not only was the IPS score retained in multivariate DFS and OS analyses, but it was also shown that this factor significantly improved the discrimination of a multivariate DFS containing clinical variables only. This is particularly noteworthy since the insensitivity of the HCI statistic to small changes when assessing overall risk prediction adequacy has been well documented previously [32] . We propose this novel IPS score and our final PFS to identify patients at higher risk of disease recurrence and death following surgical resection. Furthermore, our results could be considered at least as significant as other prognostic models, including the ENETS or the AJCC staging systems [33] .
One of the challenges of measuring methylated DNA is its low specificity compared with genomic alterations. In some cases methylation changes can occur in both, the tumor and its surrounding area, as we found in our study (data not showed by Table 2 ) [34, 35] . Although mutations in chromatin-remodeling genes have a crucial role in PanNET [12] , it can be considered a neoplastic entity with low number of methylated genes as compared to other neoplasms [36] . A novel comprehensive genome-scale analysis with five PanNET and other neoplastic entities showed that DNA methylation patterns in PanNET cases were very different from all other tumor types analyzed [37] . It could be possible that other genetic alterations are more relevant in PanNET carcinogenesis than methylation patterns, or at least the methylation changes could masquerade different functions than have been described in other neoplasms. (Table 5 ). Cases are ranked by score and divided into quartiles for DFS and tertiles (first and second vs third) for OS. NDRG-1 and PHLDA-3 are both involved in mTOR pathway. NDRG-1 is a downstream effector of mTORC2/ SGK1 pathway and a potential target for the mTORinhibitor everolimus. PHLDA-3 inhibits the mTOR pathway acting as a repressor of AKT. Therefore, we believed that it would be important to analyze the role of both genes as predictive biomarkers for response to treatment. Patients with higher IHC score for NDRG-1 and PHLDA-3 could have more benefit from treatments with mTOR inhibitors. In addition, patients with intact MGMT expression could profit even more with treatment regimens with mTOR inhibitors because they usually have less benefit with temozolomidebased schemes [38] .
There are several limitations of our study that should be recognized. First, even though measures of discrimination were presented and internally validated, it is still necessary to conduct prospective studies to externally validate our findings. Second, our cohort included patients only treated at our institution during 13 years. Although there should be no significant differences in surgical approach among institutions, this warrants validation at external sites as well.
In conclusion, we developed a novel and useful prognostic score that could help to identify patients at higher risk of progression following surgical resection for PanNET. Our findings may be a platform to develop future biomarker driven trials in the adjuvant setting for patients with resected PanNET.
MATERIALS AND METHODS

Eligibility criteria
The study was approved by the Institutional Review Board at Johns Hopkins Hospital. Patients who underwent surgical resection for PanNET at Johns Hopkins Hospital from 1998 to 2010 and had documented recurrence or completed follow up >24 months were included in the study. Clinical information and patients' demographics were obtained from the electronic record system including age, sex, date of surgery, pathology, staging, and overall survival. Grade of tumor based on Ki-67 proliferation index was evaluated according to the ENETS guidelines [10] .
DNA preparation for NDRG-1, MGMT and PHLDA-3 methylation analyses
Genomic DNA was extracted according to standard protocols and quantified using a Nano-Drop spectrophotometer. Up to 3μg of extracted genomic DNA was used for bisulfite treatment. Bisulfite conversion kit (EZ DNA Methylation™ Kit, Zymo Research) was utilized. DNA methylation patterns for CpG island of NDRG-1, MGMT and PHLDA-3 were determined by chemical modification of unmethylated but not the methylated cytosines to uracil. Human T cell lymphocyte (CpG Methylated Jurkat Genomic DNA, New England Biolabs N4002S) and Human Genomic male DNA (Promega, G1471) were used as fully methylated and unmethylated controls, respectively.
For each 25 μl PCR, 2 μl bisulphite-converted DNA was used plus 2.5 μl Buffer (0.332 μl (NH 4 ) 2 SO 4 plus 0.67 μl Tris, pH 8.8 plus 0.134 μl MgCl 2 plus 0.014 μl β-mercaptoethanol and 0.85 μl purified H 2 0), 0.2 μl of Platinum Taq DNA polymerase (10966034 Life Technologies), 0.42 μl of each forward and reverse primer (10μM) for a final concentration of 0.168 μM, 1μl EVA Green, 2.5 μl Fluoroscein (100 nM) for a final concentration of 10 nM and 16.41μl DNase-free water were used. As a control for efficiency of bisulphite conversion, primers for a sequence of β-actin, but representing unconverted genomic DNA, were used (ActG). In contrast to ActB primers, the ActG primer pair recognizes the β-actin sequence from genomic DNA and thus can detect insufficient bisulphite conversion. Amplifications were carried out on an Applied Biosystems Step One Plus system (Applied Biosystems, Foster City, CA). Primer Sequences are specified in Supplementary Information.
Real Time PCRs (qPCR) were done in two replicates of each sample and the C T values of each sample was automatically calculated, with holding conditions of 95°C for 5 min, followed during 40 cycles of 95°C for 30 seconds (melting step), annealing step of 60°C (NDRG-1) or 61°C (MGMT, PHLDA-3 and β-actin) for 30 seconds, extension step of 72°C for 30 s and readout step of 82°C (NDRG-1), 80°C (MGMT, PHLDA-3) and 78°C (β-actin) for 30 seconds with data acquisition after each cycle. Melt curve stage consisted of 95°C for 15 seconds, then down to 60°C for 60 seconds and finally up to 95°C for 15 seconds again. At the end, melting curve analysis checked properties of real-time PCR conditions and amplification products. The percentage of methylation was calculated according to multiply two exponential the difference between C T means for β-actin and the corresponding gene.
IHC analysis for NDRG1, MGMT and PHLDA-3
The H&E slides of all surgically resected specimens were reviewed by doctors ZM and AV. Representative sections of both tumor and benign pancreatic tissue were selected for each case. Three sections (5 μm thick) were cut from PanNET cell blocks of each case, deparaffinized, rehydrated, and subjected to heat-induced antigen retrieval in DAKO Target Retrieval Solution for 40 min. Nonspecific binding sites were blocked with serum-free blocking reagent (DAKO) and NDRG-1 (Goat anti-NDRG1, Abcam, Cambridge, England, UK 1:1000), MGMT (Mouse anti-MGMT monoclonal antibody, Abcam, Cambridge, England, UK 1:100) and PHLDA-3 (Rabbit anti-PHLDA3, Sigma-Aldrich, Saint Louis, USA 1:200) were applied overnight at 4°C on three separate slides for each case. Immunodetection was carried out with horseradish peroxidase (HRP)-conjugated antigoat, anti-mouse or anti-rabbit (DAKO) for 40 min and 3,3′-Diaminobenzidine was then used as the visualizing substrate. Finally, sections were counterstained with hematoxylin. The percentage of NDRG-1-, MGMT-, and PHLDA3-positive tumor cells per lesion was determined by semiquantitative assessment of the entire tumor section. NDRG-1 and PHLDA-3 cytoplasmic staining intensity was scored from 0 (no staining) to + 3 (strong staining). The staining pattern (diffuse versus patched) was also evaluated. Using the percentage of tumor cells showing nuclear immunoreactivity to MGMT and PHLDA-3, we established a scoring system with 0 (no staining in tumor cells), +1 (≤5% positive tumor cells), +2 (6-50% positive tumor cells), and +3 (≥ 51% positive tumor cells) (Figure 3 ). To rule out false-positive staining, we initially tested several antibodies dilutions in cell-block sections of LnCap and H1299, which are cell lines with known high and low expressions of NDRG-1, MGMT and PHLDA-3. Ki-67 immunostaining were performed for those cases that did not have Ki-67 in their profile. Ki-67 IHC were reviewed for all cases and scored as follows: ≤2%, 3%-19%, and ≥20%.
Statistical analysis
The primary statistical objective of the study was to evaluate methylation and IHC expression of MGMT, PHLDA-3 and NDRG-1 as prognostic biomarkers for disease free survival (DFS) and overall survival (OS). DFS was calculated from the time of surgery to date of relapse, death, or last follow-up and OS was calculated from date of surgery to date of death or last follow-up. Event time distributions for DFS and OS were estimated with the method of Kaplan and Meier and, compared using the logrank statistic, or the Cox proportional-hazards regression model. For methylation variables a cut-off was established based on the percentage of methylation for each gene < median (non-methylated) and ≥ median (methylated) according to previously published standards [35] . IHC categories for MGMT and PHLDA-3 were collapsed and entered into regression models as binary scores (0 vs non-0 and <51% vs ≥ 51% positive tumor cells for MGMT and PHLDA-3, respectively).
The effect of IPS, adjusting for important clinical factors was evaluated with multivariate Cox proportionalhazards models. All factors that were potentially prognostic when considered alone (p value less than 0.15) were entered into the multivariate model. Factors that were not statistically significant were removed with backward elimination and re-estimation of hazard ratios at each step. In some cases known prognostic factors that were marginally significant were retained in the model to demonstrate their effect in the presence of other factors. Prognostic factor score (PFS) models for DFS and OS combining clinical and IPS were based on the final multivariate Cox models.
Discriminatory ability of the PFS models was assessed with two concordance measures: Harrell's bias corrected c-index [39] , and a modification of Harrell's c-index proposed by Uno [40] . These concordance measures involve the assessment of all possible pairs of patients to determine the probability that patients with higher predicted risk scores have earlier event times. For studies with long follow-up, HCI estimator may be dependent on the censoring mechanism and therefore the modified concordance index was also calculated. Improvement in discrimination with the inclusion of the IPS to a model with only clinical predictors was assessed with the difference in the modified c-index.
Statistical analysis was performed using the Statistical Analysis System, version 9.1, and R 3.0, and all p values reported are two sided.
Formula to calculate IPS
When calculating an IPS based on IHC, the two aspects of NDRG-1, intensity of stain and the pattern, were combined. Patients with a negative NDRG-1 IHC score (NDRG1 score 0 or 1), and consequently no discernible pattern, had the lowest risk for these endpoints, while patients with a positive score (NDRG1 score 2 or 3) and a diffuse pattern was intermediate, and those with positive scores and a patched pattern were at the highest risk. Individual marker scores were coded such that the higher risk category (categories for NDRG-1) were greater than zero, and the overall score taken as the sum: I (MGMT 0%) + I (NDRG-1 diffuse) + 2xI (NDRG-1 patched) + I (PHLDA-3 ≥ 51). The value for I () is one if the patient's IHC value meets the criterion in parentheses and zero otherwise. Patients with no NDRG-1 IHC stain were coded zero for both pattern types and therefore the NDRG-1 contribution to the biomarker score for these patients was zero. NDRG-1 positive with diffuse pattern increased the overall score by one, while NDRG-1 positive with patched pattern increased the overall score by two.
Formula to calculate PFS
The formula for calculation an overall PFS for DFS was calculated based on the model in follow (Table 5) An overall PFS for OS was calculated based on the model in follow (Table 5) 
